A B S T R A C T Thyroxine-binding globulin (TBG) and partially desialylated or slow TBG (STBG) were purified from human serum by affinity chromatography.
INTRODUCTION
More than 99% of circulating thyroxine (T4)1 in vertebrates is bound to serum proteins (1, 2) . In man three major serum T4-binding proteins have been identified. These are: thyroxine-binding globulin (TBG), thyroxine-binding prealbumin (TBPA), and albumin (1) . However, for a given level of serum T4, the concentration of TBG is the chief determinant of the amount of free T4 available to body tissues (3, 4) . A fourth serum protein with electrophoretic mobility slightly cathodal to TBG has been infrequently detected in some sera (5) (6) (7) (8) (9) . Initially believed to represent an artifact (5, 6) , it has been recently shown that as earlier postulated by Premachandra, Perlstein, and Blumenthal (8) this slow TBG (STBG) is composed of TBG desialylated to varying degrees (9) .
By affinity chromatography and DEAE-Sephadex, TBG and partially desialylated TBG (STBG) have been purified from human serum (9, 10) . Their purity, homogeneity and some physical and chemical properties have been extensively studied (9) (10) (11) (12) (13) (14) . The availability of highly purified human TBG and STBG preparations, which might lend themselves to radioiodine substitution, constituted an attractive tool for the study of their metabolism in vivo and ultimately for the elucidation of the mechanism of inherited (15, 16) and acquired (1, 8, 9) TBG and possibly STBG abnormalities in man.
This communication describes the iodination reaction of TBG and STBG with 'I, "'I, and 'I allowing the addition of an average of from 0.02 to 6 mol I/mol protein. Some physical and chemical properties of the purified TBG and STBG were studied and compared to those of unpurified, native serum TBG and to iodinated TBG and STBG. The biological properties of the radioiodinated proteins were studied in the rat, rabbit, and man. As shown by Morell, Gregoriadis, Scheinberg, Hickman, and Ashwell for other desialylated glycoproteins (17) , the liver appears to rapidly and selectively clear STBG from serum.
METHODS
Materials. Human TBG was purified from serum by affinity chromatography and STBG was prepared by desialylation of purified TBG as previously described (9, 10) . The sialic acid content of STBG was about A-i that of TBG. Material used was from four different batches, two for each TBG and STBG. Protein concentration was determined spectrophotometrically by using an extinction coefficient of 6.95 (11) . The purified proteins were stored in 0.06 M Tris-HCl buffer, pH 8.6, at -500C in aliquots of /ul containing 325-1,240 ,tg protein per ml. A new sample was thawed each time just before use.
For radioiodination, "carrier-free" 'I and "'I were obtained from New England Nuclear, Boston, Mass., as the sodium salt in concentrations of from 224 to 465 mCi/ml for 'I and from 129 to 635 mCi/ml for "'I. 'MI-and "'Ilabeled T4, sp act 40-90 AsCillig, were from Abbott Laboratories, North Chicago, Ill., or Industrial Nuclear Co., Inc., St. Louis, Mo. At least 95% of the 'I and 'I activity of these preparations was in the form of T4 when analyzed by paper chromatography (18 (20) in glycine acetate buffer, pH 8.6 (21) . Agarose-gel electrophoresis was carried out by the method of Laurell and Nilehn (22) in an apparatus of their design, at 4°C, with Tris-maleate buffer, pH 8.6, as previously described (2) . Polyacrylamidegel electrophoresis was carried out in vertical gel slabs (Ortec Inc., Oak Ridge, Tenn.). The gel was 10%, polymerized with ammonium persulfate, and the buffer was Trisborate, pH 8.4. After a pre-run for 1 h at 40 V, 8.5 mA, the samples were applied and run at 2-40C, 180 V, 30 mA 'for about 3 h until the albumin marker reached a position 6 cm anodal to the origin. Gels were sliced and counted (4).
Paper chromatography. Paper chromatography was performed in the dark on Whatman no. 3 MM paper with a descending tertiary amyl alcohol: hexane: 2 M ammonia system (18) . Conditions of the chromatographic run, identi-,fication of the position of carrier, and determination of the distribution of the isotope were as previously described in detail (4).
Radioiodination. TBG and STBG were labeled with either 'I or "'I by a modification of the method of Greenwood, Hunter, and Glover (23) . In a typical reaction [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Al of 'I or "1I(0.5-2.0 mCi) was added to 25 sl of 0.5 M Na-phosphate buffer, pH 7.5, in a small glass vial. 3. Ag of TBG or STBG in [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Al of the storage buffer were then added, followed by 20 isl of a freshly prepared chloramine-T solution (1 mg/ml). The reaction was usually allowed to proceed for 60 s, while the vial was being gently rotated. The reaction was stopped with 20 Al of Na2S205 (10 mg/ml), followed by the addition of 50 pl of KI (4 mg/ml) in PBS-G. The final volume was from 126 to 163
Al. A sample of 1 pl was removed and counted before and after trichloroacetic acid (TCA) precipitation. The radioactivity remaining in the precipitate was determined. These data were used for the calculation of the iodination yield and the average number of iodine atoms incorporated per molecule of protein. The bulk of the iodination mixture was applied to a 12 X 0.9-cm Sephadex G-75 column and eluted with PBS-G. 15-drop (0.4-ml) fractions were collected. Radioactivity was contained in two major peaks.
The first peak eluted in tubes 6 through 8 was at least 95%o TCA precipitable and the second peak eluted in tubes 14 through 18 was less than 2% TCA precipitable.
The effect of variables, such as reaction time, iodine isotope (2I or "'I), total iodide concentration, and protein concentration were systematically examined. At constant TBG and iodide concentrations, the amount of iodine incorporated into the protein augmented with increasing time of the iodination reaction (5, 30, 60, and 120 s from the addition of chloramine-T to the addition of Na2S205). A fivefold difference in the percent of iodine incorporation occurred at the extremes of reaction time. At a constant protein concentration (5.16 X 10' nmol) and reaction time (5 and 30 s), increasing concentrations of radioactive or stable iodide (from 0.9 X 10' to 9.2 X 10' nmol) increased proportionally the absolute amount of iodine incorporated into TBG. However, the percent of the total iodide added incorporated into the protein remained constant for each of the two reaction times. Dependence of the iodination reaction on iodide concentration has been previously observed for nucleotides (24 and 29 days after iodination, respectively. The stability was almost identical at 370 C in the presence of sterile serum from rabbits or from humans (normal or TBG-deficient).
The electrophoretic mobility also remained unaltered.
Studies on the distribution, metabolism, and excretion of radioiodinated TBG and STBG in the rat. Overnight fasted, adult male Charles River albino rats weighing 300-400 g were each given intravenously a mixture of 0.5 /XCi (7.1 ng) ["I]TBG and 1.0 juCi (26.2 ng) ['I]STBG. The proteins were, respectively, 99.1 and 101.2% TCA precipitable and were homogeneous on agarose-gel electrophoresis. 2 h before injection, 3 drops of a saturated solution of KI were given orally and the penile urethra was securely tied. Rats in groups of two were sacrificed by exsanguination through cardiac puncture at 15, 30, 60, 120, and 240 min.
The following organs were immediately dissected and weighed: heart, liver, kidney, spleen, testes, and brain. Weighed portions of these organs and portions of the thigh muscle and subcutaneous fat were counted in a Nuclear Chicago two-channel well-type scintillation spectrometer. Corrections were made for the contribution of 'I in the 'I channel. Error due to decay during the interval of counting was eliminated by repeated counting in reverse order. The volume of urine accumulated in the bladder was measured. Aliquots of urine and serum as well as a 10% standard of the administered dose were counted before and after TCA precipitation in the presence of carrier serum. The total radioactivity in the stomach and intestinal con- body. Possible interference of serum, urine, and bile in the antibody precipitation reactions was determined by incubation of samples obtained before injection of the isotope with the injection mixture and antibodies. Selected samples of serum, urine, and bile were also subjected to paper electrophoresis and chromatography. Long-term TBG turnover studies were performed in four additional unanesthetized male New Zealand albino rabbits. KI was added to the drinking water.
RESULTS
Physical and chemical properties of purified TBG and STBG. Fig. 1 Each symbol covers the range of triplicate determinations. The slope is proportional to the association constant and the position of the curve at 50% saturation to the capacity.
Purified STBG has a lower association constant than both purified and native TBG in serum. The latter two are identical. Note the lack of binding and displacement in the TBG-deficient serum, which had normal concentrations of albumin and TBPA. (9) .
The heat lability of nonpurified TBG has been previously demonstrated by the rapid loss of its capacity to bind T4. The ti at 60'C was from 6.4 (26) to 6.9 (15) min. The heat lability of purified TBG and STBG added to TBG-deficient serum was compared to that of native TBG in normal human serum as previously described (15) . Fig. 3 shows that TBG from normal serum as well as purified TBG and STBG lost their capacity to bind T4 at 610C with a ti of 5.7-5.9 min.
The electrophoretic mobility of purified TBG on agarose-gel, acrylamide-gel, and paper electrophoresis, as identified by the location of bound labeled T4, was identical to that of native TBG in serum. STBG migrated as a broader band cathodal to TBG in the three electrophoretic systems (see below).
Physical and chemical properties of iodinated TBG and STBG. As shown in Fig. 4C , tracer from ['11I]T4 and [l"I]triiodothyronine (T3) added in equal cpm amounts to purified TBG migrated in a single narrow band with electrophoretic mobility identical to TBG present in serum to which the same isotopes were added before electrophoresis (Fig. 4A ). In this system ['31I]T4 in buffer migrated with a mobility identical to human serum albumin (Fig. 4B) . (Table III) . Also, 125J/131I ratios in organs (brain, fat, muscle, heart, liver, kidney, lung, spleen, testis, and thyroid) obtained at the termination of the experiment remained constant and were identical to those in serum. The reproducibility was good also when the turnover study was performed at different times in the same rabbit. Considerable variation from animal to animal was noted (Table III) 1311I (TBG) Less than 5% of the total isotope excreted in urine was both antibody and TCA precipitable. On chromatography more than 90% of both "I1 and '"I in urine be- the intact rabbit (Fig. 7) and the persistence of 1I in rat serum and tissues obtained 1-4 h after injection of the isotopes (Fig. 5) . Thus the liver appears to be responsible for the selective and more rapid removal of STBG from serum.
The role of liver in the metabolism of STBG in man. (15) . The anodal shift of iodo-TBG is probably a common characteristic of iodine addition to proteins and polypeptides and has been shown to occur with iodoinsulin (33) .
The final indication that iodo-TBG may behave identically to noniodinated native TBG and therefore constitutes a suitable tracer for metabolic studies came from data obtained through the simultaneous injection into a rabbit of two preparations of TBG iodinated to different extents by using two isotopes. Both disappeared with a similar ti and had an identical distribution volume (Table III) . Although STBG is normally undetectable in serum substantial amounts have been found in some patients with obesity (8) , in severe liver disease (9), or for other unknown reasons. Evidence has been given that this material, migrating as a wide band cathodally to the more ubiquitous TBG, is partially desialylated TBG (9) . Its function and site of origin or formation are unknown. The slower electrophoretic mobility of desialylated glycoproteins has been previously demonstrated (34) . The earlier belief that glycosylation is a means of recognition by the cell that the protein is ready for secretion (35) has been replaced by the hypothesis that this carbohydrate residue codes the protein for its extracellular fate such as target organ specificity (17, 36) or more likely, for the control of the rate of removal from the circulation (17, (36) (37) (38) . Indeed, with the exception of transferrin, all glycoproteins tested have much shorter half-life when desialylated (17) . It is also apparent that the failure to observe biological activity in some desialylated proteins when injected in vivo was due to their rapid removal rather than to inactivation with the loss of the carbohydrate moiety (38) . Since we have demonstrated that STBG bound To and therefore preserved its bioactivity, its metabolism in vivo was studied together with that of TBG. STBG was very rapidly cleared from blood in the rat, the rabbit, and in man. Over 90% of the administered dose was in the liver of the rat 15 min after injection. STBG in the rabbit had a half-life of approximately 3 (Fig. 8) .
This explains our observation that after an initial rapid disappearance of the isotope associated with STBG, a residual fraction of approximately 0.1 the dose remains in serum and decays at a slower rate. Thus STBG behaves like the majority of other common serum asialoglycoproteins.
The exact fate and mode of excretion of iodo-STBG after its localization in liver is less understood. A portion of the protein is deiodinated. The iodide is returned to blood and eventually recovered in urine. Iodo-STBG is also excreted in the bile and recovered in the intestinal contents. The metabolic fate of TBG is even less clear. It is possible that TBG is desialylated before its clearance from blood. The observation that STBG is found in some sera from patients with severe hepatic failure seemed to support such a notion. Unfortunately we failed to demonstrate that TBG is converted to STBG before its removal from the circulation by the liver, perhaps because the latter process is too rapid. The presence in bile of radioactive material derived from iodo-TBG and migrating anodally to TBG may represent in part STBG but also some other form of T3G metabolites. At least 50% of the activity in bile migrated in the position of intact TBG. Although we assume that at least a portion of the TBG is desialylated before further breakdown, the site of this reaction is unknown. Whether TBG desialylation is the limiting step in TBG metabolism is currently under investigation.
